Mechanical biological treatments (MBTs) are extensively used for managing municipal solid waste (MSW). There are four different methods: fertilizer or compost-like output production, biogas/energy production, wastederived fuel production and disposal in landfills. One issue is the varying characteristics of the waste fed over the lifetime of the plant. This problem is only partially related to the composition dynamics of the generated MSW. Indeed, the main source of input fluctuation of the plant is a result of the implementation of selective collection (SC) strategies, which modify the composition of residual MSW (RMSW). Often the SC strategies are not developed in harmony with the presence or planning of treatment plants, which can consequently suffer from significant variations. A lack of optimization in MSW management strategies and the implementation of new more stringent regulations applied to the final solid products from MBTs could result in a higher tariff for the users. This paper analyses these two problems in terms of two SC scenarios. The consequent effects on the composition of RMSW and on the performance of bio-drying (one of the MBTs options) are discussed. The effect of different SC strategies of MSW is analysed also in terms of RMSW suitability to be converted into refuse derived fuel/solid recovered fuel with simplified treatments. The role of respirometry is also discussed.
INTRODUCTION
The quantity of municipal solid waste (MSW) has increased strongly in the last decade and continues to do so worldwide. European Union (EU) policy on waste management recommends the recycling of material, energy recovery and waste treatment before landfilling. The Landfill Directive (1999/31/CE) in Europe led to significant restrictions in the landfill of biodegradable material ( Respiration Activity after four days below 10 mgO 2 g -1 TS or a Dynamic Respiration Index below 1000 mgO 2 kg VS -1 h -1 ) and also put a limit on the lower heating value (LHV) of the landfilled material (<13,000 kJ kg -1 ) [1] . All EU member states must reduce the amount of biodegradable municipal waste sent to landfills based on the quantity landfilled in 1995, with 35% by 2013 and 50% by 2020. In addition, states must introduce source-separation strategies. Sorting plants can be adopted as an alternative strategy for diverting the biodegradable fraction of MSW from landfills.
The viability of mechanical biological treatments (MBTs) is thus widely discussed in terms of MSW to comply with these EU directives.
At present, there are four different MBT options: fertilizer or compost-like output (CLO) production, biogas/energy production, RDF/SRF production and disposal in landfills [2] [3] [4] [5] . Although MBTs are based on biological processes, generally one of the final products is used in combustion plants to obtain energy, taking into account EU regulations both for material recovery and energy (2001/77/EC).
The MBT concept was originally developed in the 1980s to divide the waste stream into a wet fine fraction and a dry coarse fraction. Later, with the introduction of the selective collection (SC) of the dry recyclable fraction and the development of the waste-to-energy sector, MBT was also used in treating the entire waste stream to produce fuel.
MBT plants have been proposed for new EU members, before landfilling, prior to the construction of combustion plants [6] . One advantage of bio-drying is that solid recovered fuel (SRF) can be produced, which can be quickly used in existing co-combustion plants, thus significantly reducing the landfill volume [7] . Bio-drying is a short-term process of aerobic bioconversion and is generally applied to MSW as is, or to residual MSW (RMSW) of SC. The aim is to exploit exothermic reactions to evaporate most of the moisture in the waste with the lowest conversion of organic carbon. Bio-dried material is the product obtained after bio-drying and which can be used to obtain a good SRF after an inert separation [8] . The alternative aerobic option adopted as MBT, based on an initial screening of the RMSW, is often characterized by a larger stream of materials to be landfilled [9] . In this case, SFR is generated through over-sieving.
The initial cycle of RDF was closed by the early 1990s due to low-quality fuel and/or absence of quality checks [10] . Today, the evolution of the regulation of RDF/SRF aims to guarantee the quality of the product, which is a key for its marketability [11] . Recent studies have thus set out to clarify the influence of the composition of waste streams and processing on SRF quality [11, 12] . Specific interest concerns the RDF heavy metal content due to the potential health implications [13, 14] . The chlorine content has also been focused on and its consequences on process management, corrosion and carcinogenic compound formation [12] .
The market potential of SRF has been estimated by the European Recovered Fuel Organization [15] as 27-37 million tonnes per year. Combined heat and power plants could cover just over half of the potential use of SRF. Roughly, a third of the potential could be covered by power plants. The remainder could be used by cement kilns. The present production of SRF in Europe is around 16.5 million tonnes [16] .
This paper analyses the consequences of the variations in SC efficiency on an existing or planned MBT, and also the implementation of the new regulations applied to the final solid products from MBTs [17] . In fact, the core of MBT is the biological process; thus, there must be putrescible materials in the stream. High efficiencies of SC (higher than 50%) can be obtained only by separating the sources of food waste [18] . As a consequence, the food waste remaining in the RMSW can decrease even below 10%, which, thus, strongly impacts on the management of MBTs [19] .
RDF AND SRF CHARACTERIZATION AND EVOLUTION
In the EU, the first definition of RDF was introduced by the technical norms UNI 9903:1-14: 'RDF is fuel derived from municipal solid waste through treatments aimed at the elimination of substances hazardous for combustion and to guarantee an adequate lower heating value (LHV), and to comply with the technical norms for its characterization'. These norms give all the characteristics, definitions, sampling methods, parameters of interest and analytical methods for RDF and for the refuse derived fuel of high quality (RDF_Q). RDF and RDF_Q were the fuels obtained from non-hazardous MSW and special waste (limited to a contribution of a maximum of 50%) through treatment aimed at obtaining an adequate LHV for its use. RDF and RDF_Q were also classified as special waste and only RDF_Q was considered as a renewable source.
The technical specifications for RDF and RDF_Q are presented in Table 1 .
Although the first norm on SRF was issued in 2006, in some European countries, the national regulation was modified only after a few years. For example, in Italy, the RDF sector was changed by Decree 205/2010, referring to 30 technical documents (mainly in the range of norms UNI CEN/ TS 15357-15747), which establish all the characteristics, definitions, sampling methods, parameters of interest and analytical methods for the SRF.
SRF is defined as follows: 'SRF is the solid fuel prepared (means processed, homogenized and up-graded to a quality that can be traded amongst producers and users) from non-hazardous waste to be utilized for energy recovery in incineration or co-incineration plants and meeting the classification and specification requirements laid down in CEN/TS 15359'. The classification system for SRFs is based on limit values for three important fuel properties ( Table 2) .
Each property is divided into five classes with limit values. The SRF is assigned a class number from 1 to 5 for each property. A combination of class numbers makes up the class code. The parameters are of equal importance, and thus no single class number determines the code. Table 3 summarizes the SRF specifications required in various plants.
An important parameter for SRF characterization is the potential rate of microbial self-heating. This rate can be determined by the real dynamic respiration index (RDRI = average value of the respiration indexes, referring to total dry solids, TDS, representing 24 h with the highest aerobic micro-activity). Until 2010, when the most recent EU norms CEN/TR 15590 were enforced, this parameter was only required for the stabilized organic fraction (UNI/TS 11184, 2006) and not for fuels. Now, this RDRI parameter has become a key parameter for SRF. Table 4 shows the levels of potential microbial self-heating of an SRF. The solution for producing SRF can influence the RDRI, because of the presence of putrescible materials in the treated waste. In Germany (BMU, 2001) and Austria (BKA, 2004) the respiration activity and the self-heating test as stability parameters for biologically treated waste have been common for a few years [21] .
SRF can also be produced from source-separated dry combustible fractions, which cannot be used for recycling, such as cardboard drink containers or PE/PET bottles contaminated by PVC, packaging waste or rejects from manufacturing, scrap tyres, discarded biomass (e.g. straw, untreated wood waste, dried sewage sludge), waste textiles and residues from car dismantling. The limit of 50% of special waste makes putrescible waste in the streams of RMSW to be classified as SRF less critical.
There are various types of SRF that can be produced; such as fluff, brick, briquette, pellet, logtype and bale. They all have one general characteristic: the more complex the treatment involved in generating it, the more energy consuming the approach. Very high 3 THE ROLE OF BIO-DRYING AND SELECTIVE COLLECTION SCENARIOS The production of waste derived from human activity has increased because of population increases, and especially due to economic development which has transformed consumption patterns. The systems of waste collection are also changing, leading to an overall complex scenario where balanced interactions are compulsory [18] . In many cases, on the other hand, decision makers do not adopt a coordinated strategy.
In the last few years, the efficiency of SC has increased in some European countries, leading to the possibility to obtain a RMSW with interesting energy content and a low level of contamination (fewer heavy metals, etc.). One question raised in the sector concerns the potential classification of RMSW directly as SRF, in compliance with the requirements of CEN/TS 15359 [20] .
The aim of this paper was thus to analyse the interactions of bio-drying with SC together with the possibility of obtaining SRF characteristics with or without bio-drying. We use the term SC to refer to the source separation of typical MSW fractions (road sweeping and bulky waste are not taken into account at this level). The main MSW streams are assumed to be collected by curbside organization, street containers or eco-centres.
Scenario 1 refers to an EU region with an overall MSW SC of 10% [22, 23] . This scenario is a representative of a region, without a significant SC, which could relate to the present situation not only for new EU countries but also in some not optimized EU regions. Scenario 2 has a high SC, equal to 65% [24] and is a representative of a region with a significant SC (in this case, the data regard the current situation in a northern area of Italy).
In the first case study, SC consists of street containers, whereas in the second scenario, curbside collection is adopted. Table 5 presents data regarding waste characteristics and SC streams for both case studies. Data for the first case-study come from the results of a national study in Romania [23] concerning rural and urban areas, based on 30 characterizations of RMSW, just after Romania had joined the EU. Data for the second case-study come from the results of a multi-year characterization of RMSW in Trentino, Italy [25] . RMSW (and SC) were characterized in great detail over the last decade, with reference to different seasons, towns and valleys in the northeast of Italy.
For a better understanding of the long-term dynamics of SC efficiency, Fig. 1 reports the dynamics of SC over the last 20 years for a real case study. The increase in MSW generation from 1995 to 2011 was 16% [25] . In the first case study, SC shows a delay of 13 years. For the bio-drying weight loss, the following expression can be used [9] :
where BML is the bio-drying mass loss and FW% is the food waste percentage.
To assess the LHV obtainable after bio-drying post-treatments, the remaining amount of glass, metals and inert in the bio-dried material was assumed as being totally removable. This approximation is acceptable because the efficacy of recyclable material separation from a bio-dried material is very high. The energy loss from the initial LHV during bio-drying was assumed to be negligible [26] : the initial energy is all concentrated in a lower mass. Table 5 also presents the energy contents of MSW and RMSW; LHVs are assessed according to literature data [9, 26] . Data from Table 5 enable the level of source separation for each stream for both the case studies to be assessed ( Table 6 ). These rates have significant consequences on the RMSW characteristics: in fact, the percentage of FW in the first case is around 50%, whereas in the second case it is only approximately 12%.
Taking into account the SC trend, which increases at around 3% every year (as reported in Fig. 1 ), the SC efficiency for both case studies is presented in Table 5 and the increment in the MSW generation from 1995 to 2011. It is clear that for the second case, the targets for 2013 and also for 2020 have already been reached.
In the first case study, a reorganization of the SC is essential with a yearly incremental rate that is significantly different from the second case. Indeed, while in the first case study the yearly SC increase rate was the same as in the second case, in 2013 the SC efficiency would be only 17% and 23% in 2015 (new EU members could be allowed an additional 2 years to comply with EU requests regarding biodegradable material landfilling).
The bio-drying process could thus be adopted for a transient period to comply with EU requirements, not only for the biodegradable material targets but also for the energy generation form waste. Table 7 reports the LHVs for the materials before and after bio-drying and post-treatment. Mass loss during bio-drying and the potential of extractable recyclable materials for both cases are also presented.
It is clear that bio-drying enables the initial LHV to be increased with a higher performance when the FW percentage is higher. In the second case, the role of bio-drying seems more interesting as a preparative step before the post-treatment of incombustible material separation. In fact, the LHV increase from bio-dried material to SRF is clearer than the one from RMSW to bio-dried material. Figure 2 presents the relative composition of recyclable materials suitable for post-separation after bio-drying. Real-scale experiences [7] have demonstrated that the quality of glass and metals extracted is suitable for the market; on the other hand, inert could give some problems when valorizing it. However, its separation is important to increase the LHV of the SRF; thus, it should be always implemented. The percentage of recyclable materials in Table 7 refers to RMSW, thus highlighting their different roles in the two cases. In the first case, 18% must be applied to an RMSW equal to 90% of MSW, resulting in a higher recycling stream (16.2%) than SC (10%). On the other hand, in the second case 14% must be applied to a stream of RMSW equal to 35% of the generated MSW, resulting in a considerably lower recyclable stream (4%) than the SC (65%).
Taking into account only the LHV of RMSW, bio-dried material and SRF, and also the new EU directives and technical norms for the SRF, Table 8 presents the class for RMSW, bio-dried material and SRF for both case studies together with recommendations for their co-combustion [7] . It should be highlighted that according to the old regulations, only the final product obtained in the second case could be classified as RDF [7] .
For the calculation of chlorine and mercury content in the RMSW in both case studies, literature data were used [27] . The chlorine and mercury contents are: 0.0040 and 0.0038 for Cl in % (DM) and 0.0078 and 0.0040 for Hg in mg/ MJ, respectively. Taking into account these values, which are lower than those required by the SRF norms, for bio-dried material and SRF, the contents of Cl and Hg are expected to be very low and the products will be classified as class 1.
It is important to point out that the use of bio-drying in the second case study, despite the LHV of RMSW being adequately high for an efficient direct combustion, leads to the generation of a class 3 SRF. This interesting result will be more appreciated when a real market for SRF exists in the EU.
When analysing the coexistence of SC and bio-drying, the most important aspects to consider are as follows:
• Role of post-treatment after bio-drying vs. SC: The evolution of SC significantly reduces the amount of recyclable materials that can be extracted after bio-drying; however, equipment costs are similar as the post-treatment lines take into account the tonnes of RWMS to be treated. The values above reported clearly indicate that the cost of SRF generation must be carefully verified before constructing a new plant. For existing plants, some consequences on the costs of treatment must be expected.
• Bio-drying performance in a transient SC scenario: The annual decrease in FW content in the RMSW causes a variation in the characteristics of the SRF that can be generated. Particular attention must be paid for long-term contracts for SRF selling, if specific characteristics are required. The decrease in mass through bio-drying can be very low in the case of SC, which diverts most of the FW stream.
• Maximizing SC refuse and bio-drying compatibility: SC of light combustible packaging waste (cardboard, plastics) generally has a high percentage of non-recyclable materials with high LHV. This stream grows where SC increases. This stream can be enhanced by adding it to the biodried material to generate a better SRF. This addition could be upstream or downstream of the biological stage. • SC variability and environmental impact of bio-drying: SC diverts waste from the feed of the bio-drying plant. In terms of planning, the plant capacity could be reduced and this would also lessen the local impact. In the case of existing plants, a decrease in FW percentage in the input leads to a lower air flow rate and thus a lower stream of pollutants emitted into the atmosphere. Some pollutants are related to the amount of VS consumed in the process: less FW means less VS consumption, and thus less impact. Ammonia emissions are, for instance, related to the nitrogen content in FW and to its consumption [7] .
• SC and bio-drying plant capacity (existing plants): If the area of RMSW collection is fixed, a decrease in RMSW caused by an increase in SC can be problematical for a bio-drying plant manager. Indeed, if the amount of local treatable waste decreases without the possibility of adding external waste, the running costs of the plant becomes critical. A potential solution could be the addition of special waste. The advantages of the generable SRF on the LHV could be interesting.
• SC and bio-drying plant design difficulties: The process air lines and the volume of the biocontainers are designed in relation to a specific RMSW. If FW in RMSW decreases, the amount of air for the process decreases; thus, the air treatment line becomes over-dimensioned, with clear diseconomies. The SC scenario must be clear in the long term when a bio-drying plant is planned and designed.
Finally, it should be highlighted that RMSW cannot be directly classified as SRF if sufficiently low RDRI values are required to make a specific treatment necessary.
CONCLUSIONS
In this paper, some coexistence issues in terms of bio-drying and SC have been analysed referring to two different SC scenarios. The aim was to help fill the gap in knowledge of MBTs in the sector.
A rapid SC increase can cause significant problems for bio-drying plants when the collection scenario is rigid, i.e. no MSW can be imported and treated from external areas).
Additionally, the role of this biological process is debatable when the effect of SC is to significantly lower the FW percentage in RMSW.
Finally, the cost of post-treatment after bio-drying can be affected by the limited amount of recyclable materials left from the source separation activities.
As demonstrated by the presented calculations, one important aspect concerns the role of MSW SC. Its optimization can change the characteristics of RMSW; however, it is generally essential to treat the waste so that it can become SRF because of the adoption of a respirometric index which prevents overly simplified schemes of SRF generation.
